Different-indium-content quaternary InAlGaN multi-quantum-well (MQW) structures with the emission wavelength around 290-310 nm were grown by metalorganic chemical vapor deposition, and their emission characteristics including the indium-segregation effect were investigated by using not only experimental evaluation but also applying simulation technique, on the basis of the weakly localized exciton model. The value of an effective localized level in the quaternary InAlGaN MQWs was estimated to be around 70 meV from the relationship between photoluminescence lifetimes and photon energies. The simulation study, which was conducted by fitting the emission spectra, also derived the value of around 50 meV. The present study also indicated that the quaternary InAlGaN MQW structures with the indium segregation have clear advantages over ternary AlGaN MQW ones especially in the range of dislocation density larger than approximately 1 × 10 8 /cm 2 .
Introduction
Due to their wide-and direct-transition bandgap, high-aluminum-content AlGaN systems have attracted much attention as material for light-emitting diodes (LEDs) or laser diodes (LDs) available in the mid-or deep-ultraviolet (UV) region, and for this purpose, their quantum-well (QW) structures have been researched for the past decade [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Until now, many researchers engaging in the UV light-emitting devices have focused mainly on the improvement of light-emission efficiency [1] [2] [3] [4] [5] , because the improved efficiency would definitely put them into practical use in application fields such as sterilization, illumination and space communication. As is well known, in the group-III nitrides family, InGaN-based multi-quantum-well (MQW) structures show strong blue or near-UV light emissions despite an existence of a large number of threading dislocations (TDs) over 10 9 /cm 2 .
Although there has certainly been a dispute [11] , this is now widely accepted as an effect of an indium segregation in the InGaN emitter layers [12] [13] [14] . According to this model, the indium segregation generates localized excitons in the bandgap and keeps the carriers from being captured at non-radiative recombination centers (NRCs) caused by kinds of crystal defects [15, 16] . Thus, the non-radiative recombination rate is reduced, and the light-emission efficiency is increased as a result of the increased radiative recombination [12, 16, 17] . From this standpoint, AlGaN-based emitters do not have such a useful effect, different from the InGaN-based ones. Therefore, it has often been pointed out that improvement in the crystal quality of AlGaN films is indispensable for achieving high-efficiency UV-LEDs or LDs. From this prospect, many researches on AlGaN-based UV light-emitting devices have been conducted on high-quality AlN buffer films [4, [18] [19] [20] [21] [22] , or free-standing AlN substrates [23] [24] [25] [26] [27] , which have actually shown remarkable achievements. On the other hand, the adoption of quaternary InAlGaN emitters instead of ternary AlGaN ones has also been known as another possible solution to the realization of high-efficiency UV-LEDs [2, 28] . As is the case with InGaN MQW structures, the quaternary InAlGaN MQW ones have also demonstrated superior performances, such as the internal quantum efficiency (IQE) as high as over 80% [28] , probably as a result of the indiumsegregation phenomenon [2, 28] . Despite such a successful outcome, quantitative understanding of the localized level in the quaternary InAlGaN emitters seems to be still insufficient especially when compared to InGaN ones [12] [13] [14] [15] [16] [17] 29] . In order to construct the practical physical model on the quaternary InAlGaN emitters, it will be very important to achieve further information on the localized level. In this paper, therefore, we attempted to investigate emission characteristics from the quaternary InAlGaN MQW structures. The change in photoluminescence (PL) spectra with the incorporation of indium component was carefully investigated. Also, a localized level in the InAlGaN MQWs was characterized by analyzing PL decay lifetimes as well as by simulating the PL spectra, on the basis of the weakly localized exciton model.
Experimental and simulation
Different-indium-content InAlGaN MQW structures were grown in a horizontal MOCVD system (Taiyo Nippon Sanso SR2000), where tri-methyl-gallium (TMGa), tri-methyl-aluminum (TMAl) and tri-methyl-indium (TMIn) were used as group-III sources and NH3 was used as a group- underlying layer was grown directly on the AlN template at 1180°C without the use of any buffer layers. The threading dislocation density (TDD) of the AlGaN layer has been confirmed to be ranging from 1 × 10 10 /cm 2 to 1.5 × 10 10 /cm 2 . For the growth of MQW structures, the growth temperature was maintained at 850°C, and the other MOCVD parameters were also kept at constant conditions, except for the group-III input-gas ratio. The Inx(Al0.59Ga0.41)1-xN emitter layers with x of 0, 0.03 and 0.05 were grown under different group-III input-gas ratios in accordance with the results obtained in other experiments, where single-layer InAlGaN films were grown under various group-III input-gas ratios, and subsequently their growth rates and actual compositions were evaluated by cross-sectional scanning electron microscopy (SEM) and Rutherford backscattering (RBS) analysis, respectively. After the MOCVD growth, surface morphology was observed by atomic force microscopy (AFM), and then, PL measurements were carried out at a room temperature (RT) and 10 K by using a 210-nm-wavelenght fourth harmonic Ti: sapphire laser as an excitation light source, where the output power was maintained at 4 mW. PL decay lifetimes were also evaluated by using a time-resolved PL (TR-PL) measurement system, where an 80-fs-pulse-width laser with a wavelength of 210 nm was used as an excitation light source. Time decay signals were collected by using a standard streak camera, and the minimum time resolution was approximately 15 ps. Furthermore, the simulation study was carried out using a commercially-available software SiLENSe, which has been developed especially for InGaN-based LEDs [30, 31] . The simulation was performed by considering actual PL spectra, bandgap fluctuations, localized energy levels and IQEs. where the broadening of PL emission is probably due to a bandgap fluctuation caused by the indium segregation. On the contrary, the ternary Al0.59Ga0.41N MQW structure showed no PL emission at RT, while a sharp PL emission peak was clearly observed at 10K. This indicates that there are many active NRCs in the AlGaN emitter layers, which were presumably caused by TDs or other crystal defects [15, 16] . At the same time, it can be concluded that the indium incorporation into the emitter layers effectively reduces the non-radiative recombination rate even under the existence of such a large number of NRCs. In this study, the ratio of integrated PL intensity at RT to that at 10K was approximately treated as the experimental IQE value EXP , and the resulting values of EXP are summarized in Table 1 .
Results and discussion

PL emission from quaternary InAlGaN MQWs
TR-PL study on quaternary InAlGaN MQWs
To consider the emission characteristics in more detail, TR-PL measurements were carried out. Figure 3 shows room-temperature PL decay curves for Inx(Al0.59Ga0.41)1-xN MQW structures with x of 0.03 and 0.05, which were obtained around the peak emission energies. The results clearly showed that the PL lifetime was elongated with the increase in the indium incorporation. From this, it was speculated that the higher EXP observed for the higher indium-incorporated sample is attributed to the reduction of the non-radiative recombination rate. As seen in Figure 3 , semilogarithm plots of the PL decay curves showed a non-linear shape. Therefore, the curves were fitted using a bi-exponential equation;
where is the PL intensity at time , and and represent the initial intensity and the lifetime of the th component. By using this equation, PL lifetimes were derived as shown in Figure 3 . In this study, we decided to treat the faster decay constant as the effective PL lifetime.
To investigate the localized level in the quaternary InAlGaN MQWs, energy dependence of PL lifetimes was analyzed. Figure 4 shows the PL spectra and the corresponding PL lifetimes at respective photon energies. The relationships between the PL lifetimes and the photon energies were fitted by using the weakly-localized exciton model [32] , in the same way as ever reported for InGaN MQWs [29] ;
where is the effective radiative lifetime, Eme is the energy similar to the mobility edge, and E0
is the effective localization depth, which represents the weakly-localized excitons into the tails of the density of states (DOS) [32] . The fitted curves are shown in Figure 4 in addition to the measured results, and the fitting parameters are summarized in Table 1 . As a result, the value of E0 was estimated to be around 70 meV, as seen in Table 1 , which was relatively close to the value of 60 meV reported for InGaN MQWs [29] . Thus, a localized level in the quaternary InAlGaN MQWs was experimentally obtained in the same way as the case of InGaN MQWs.
Simulation study on emission from quaternary InAlGaN MQWs
In order to investigate the emission characteristics from another point of view, the simulation study was carried out by using a software SiLENSe [30, 31] . The software takes the indiumsegregation effect into account by defining the bandgap fluctuation Usp and the effective localized levels, Un and Up. Usp is configured to impart the shape of the emission spectra, including the dominant wavelength and the peak width [30, 31] . Un and Up are localized energy levels from the conduction and valence band edges, respectively. As they assume exponential tails of DOS into the bandgap [30, 31, 33] , Un + Up was considered equivalent to the effective localized depth E0 in equation (2) . In this software, the value of Un + Up strongly affects the calculated IQE value CAL , because all of the localized carriers are configured to contribute to the radiative recombination. The simulation was performed by fitting the calculated emission waveforms to the actual PL spectra with the use of Usp and Un + Up as fitting parameters, where the comparison between CAL and EXP was also taken into account. Upon this simulation, the ratio of Un/Up was kept at 7/3 in accordance with the calculated ratio of the conduction and valance band discontinuities between InN and Al0.59Ga0.41, which however plays almost no significant role in the simulation. Here, the bandgap energies (Eg) of 6.25 eV [34] , 3.51 eV [34] and 0.69 eV [34] , and the electron affinities of 0.6 eV [35], 1.96 eV [34] and 3.85 eV [34] were used as specific material parameters for AlN, GaN and InN, respectively, and the band bowings for AlN-GaN, AlN-InN and GaN-InN alloys were treated as subsidiary fitting parameters. To work the software properly, a thin 10-nm-thick p-GaN layer with an acceptor density of 1 × 10 17 /cm 3 was virtually inserted onto the structure, and a donor density of 1 × 10 16 /cm 3 was adopted to all of the layers including MQWs. The value of TDD was kept at 1.5 × 10 10 /cm 2 in accordance with the AFM observation results, which the software defines as the origin of NRCs.
The power density of the excitation light was kept at 1 W/cm 2 in accordance with the actual PL measurements. Table   1 . From this, the value of Un + Up was estimated to be around 50 meV, which is almost consistent with the value ever employed for simulating InGaN LEDs [30, 31] . Also, it was found that there is not a large difference between the values of Un + Up and E0. Thus, a localized level in quaternary InAlGaN MQWs was estimated by the simulation study.
In addition, as a result of the simulation, the band bowing values were also derived to be 1.5 eV, Figure 5 , the expected wavelengths are somewhat shorter than the actual dominant wavelengths, except for the ternary Al0.59Ga0.41N alloy (x = 0). This is probably due to an influence of the bandgap fluctuation caused by the indium segregation. The simulation results showed that the defined bandgap fluctuation Usp is increased with the indium incorporation (see Table   1 ). From this, the bandgap fluctuation as well as the localized level in quaternary InAlGaN MQWs was estimated by the simulation study. Thus, the simulation technique including the physical model for InGaN LEDs seemed to be very useful even for analyzing quaternary InAlGaN MQWs.
Finally, the influence of TDD on IQE was simulated on the basis of the information above.
Figures 6 shows the simulated relationships between the values of IQE ( CAL ) and TDD for the
In0.05(Al0.59Ga0.41)0.95N MQW structure, which were calculated with and without a certain Un + Up value. From this, the IQE calculated with a certain Un + Up value seemed to be well representing characteristics of quaternary InAlGaN MQWs; i.e., the maximum IQE as high as over 80% was reported at an emission wavelength of 282 nm for a quaternary InAlGaN MQW structure on AlGaN film with a TDD value of approximately 7.5 × 10 8 /cm 2 [28] . On the other hand, in the case without a certain Un + Up value, they seemed to be fairly close to experimental characteristics of ternary AlGaN MQWs rather than those of quaternary InAlGaN MQWs. Indeed, the present Al0.59Ga0.41N
MQW structure showed a near-zero IQE at a TDD value of around 1.5 × 10 10 /cm 2 as discussed in section 3.1, and other researchers also reported an IQE of approximately 60% at a wavelength of around 230-250 nm for a ternary AlGaN MQW structure with a TDD value of around 1 × 10 8 /cm 2 [43] . The simulation results imply that IQE in AlGaN or InAlGaN MQWs without localized carriers is restricted by the existence of TDs, but that it would be considerably improved by the indium incorporation due to the formation of a localized level in the bandgap. Thus, the present study indicated that quaternary InAlGaN MQW structures with a localized level have a clear advantage over ternary AlGaN MQW ones, especially in the range of TDD larger than approximately 1 × 10 8 /cm 2 , which is almost consistent with the results in InGaN MQWs [30, 31] .
Summary
Different-indium-content quaternary InAlGaN MQW structures were grown by MOCVD, and their emission characteristics were investigated. It was confirmed that room-temperature PL emission was clearly enhanced with the indium incorporation into the emitter layers. The TR-PL measurement indicated that the increased emission was attributed to the reduction of non-radiative recombination rate. The effective localized level caused by the indium segregation was experimentally estimated to be around 70 meV, which seemed to be close to the value reported for InGaN MQWs. The simulation study was also carried out by fitting the calculated emission waveforms to the actual PL spectra with the use of the indium segregation model of the software. As a result of the simulation, the effective localized level was estimated to be around 50 meV. The present results implied that the quaternary InAlGaN MQW structures with the indium segregation have a clear advantage over ternary AlGaN MQW ones especially in the range of TDD larger than approximately 1 × 10 8 /cm 2 . We believe that the present research method and the obtained information will contribute to the future research for nitride devices as well as to the construction of nitride-based material physics. 
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